The woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) evolved to stimulate the expression of intronless viral messages. To determine whether this ability to enhance expression could be useful in nonviral and heterologou s viral gene delivery systems, we analyzed the ability of the WPRE to elevate the expression of a cDNA encoding the green fluorescent protein (GFP) in these contexts. We find that the WPRE can stimulate the expression of GFP when the gene is delivered by transfection or transduction with recombinant adeno-associated virus (AAV). Enhancement occurred both during transient expression and when the gene is stably incorporated into the genome of target cells. This enhancement required that the WPRE be located in cis within the GFP message, and was observed in both transformed cell lines and primary human fibroblasts. These results demonstrate that the WPRE will be an effective tool for increasing the long-term expression of transgenes in gene therapy.
INTRODUCTION
T H E EF F EC TIV E D ELIV ER Y of transgenes to target cells for therapeutic purposes will require strategies that optimize this process at each step. Previous efforts at enhancing transgene expression have largely been directed at improving efficiency of delivery and increasing levels of transcription. Gene expression can be modulated at many levels, including transcription, posttranscriptional modification of RNA such as 59 and 39 end processing, RNA export and stability, and translation. Understanding of the mechanism s by which viruses posttranscriptionally modulate expression of their genes should enable the exploitation of these mechanisms for the purpose of improving expression in gene therapy. Attempts at posttranscriptional enhancement have primarily been limited to the addition of in-trons to the 39 end of the RNA of interest (Choi et al., 1991; Wang et al., 1996) . In these reports, the inclusion of introns was shown to stimulate gene expression. Although the exact mechanism of this stimulation is not known, intronic sequences, or the process of splicing itself, may promote 39 processing and/or facilitate cytoplasmic localization (Ryu and Mertz, 1989; Nesic et al., 1993; Antoniou et al., 1998) . Indeed, certain genes, such as b -globin, are entirely dependent on the presence of introns for expression (Buchman and Berg, 1988) .
It has previously been shown that the posttranscriptiona l regulatory element of hepatitis B virus (HPRE) can functionally replace an intron in stimulating b -globin expression (Huang and Yen, 1995) . Our studies of the woodchuck hepatitis virus dem onstrated that it contains a posttranscriptiona l regulatory element (WPRE) that is partially homologous to the HPRE . Both PREs function in an orientationdependent manner, suggesting that they are RNA elements. Consistent with this interpretation, the PREs contain conserved RNA stem-loop structures that are required for maximal function (Smith et al., 1998) . We find that the WPRE functions more efficiently than the HPRE, owing to the presence of an additional cis-acting sequence in the WPRE termed g . The specific mechanism of this enhancement, while not well understood, is known to be posttranscriptional in nature and may involve the facilitation of RNA processing and/or export (Harris et al., 1999; Huang et al., 1999) .
Due to the high efficiency of the WPRE, we assayed the effectiveness of the WPRE as a means of enhancing gene expression in the context of hum an immunodefici ency virus (HIV)-and murine leukemia virus (MuLV)-base d vectors. Our studies reveal that the posttranscriptiona l effect of the WPRE can significantly stimulate the expression of luciferase and green fluorescent protein (GFP) in a promoter-indepe ndent fashion in both the retroviral and lentiviral systems (Zufferey et al., 1999) . The ability of the WPRE to elevate transgene expression posttranscriptiona lly in the retroviral context is an indication that it may be useful in enhancing gene expression in the context of other potential gene therapy vectors. However, it is unclear that the results obtained in the retroviral vector system can be extrapolated to other gene delivery systems. Features that distinguish retroviruses generally, such as the presence of an RNA intermediate in the life cycle and the structure of the provirus, allow the possibility that the WPRE may enhance gene expression in this context by ameliorating the effects of inherent limitations of such a system. In this study, we wished to determine whether the WPRE could be used as a tool for the improvement of transgene expression more generally. Adeno-associate d virus (AAV) is attractive as a gene therapeutic delivery system (Carter, 1992; Kotin, 1994; Flotte and Carter, 1995) and therefore we chose to test the effect of the WPRE in the context of a recom binant AAV (rAAV) vector. This human parvovirus can transduce a wide range of host cells, including nondividing cells, and can yield stable integrants, allowing long-term expression of transgenes (Cheung et al., 1980; Laughlin et al., 1986; McLaughlin et al., 1988; Samulski et al., 1989; Flotte et al., 1993; Xiao et al., 1996 Xiao et al., , 1997 Murphy et al., 1997; Snyder et al., 1997.) We find that the WPRE can stim ulate gene expression in the context of transient and stable transfection of 293 cells and rAAV transduction of transform ed cells and primary cells. Out results indicate that the strategy of enhancing gene expression posttranscriptional ly with the WPRE is broadly applicable, and that multiple gene delivery systems will benefit from its inclusion.
MATERIALS AND METHODS

Construction of eGFP plasmids
Plasmids used in transfection and transduction experim ents were based on the eGFP-C1 vector (Clontech, Palo Alto, CA). Since the vector was originally intended for the construction of enhanced GFP (eGFP) fusion proteins, a triple-frame stop codon was inserted after the GFP reading frame to allow the use of the multiple cloning site for the addition of untranslated elements. The triple stop was inserted as a pair of annealed synthetic oligonucleotides of sequences gatcttagctaactg (sense) and aatcagttagctaa (antisense) with BglII and EcoRI ends into the eGFP-C1 vector to produce the plasmid eGFP.stop. Bases 900-1750 of the WPRE were amplified by polymerase chain reaction (PCR) from the viral DNA template of WHV8 (accession number J04514), to yield a product with ClaI restriction sites at each end. This fragment was cut with ClaI and inserted into the eGFP.stop vector at the AccI site, to produce the plasm id eGFP.stop.W PRE.
To adapt the constructs for use in AAV, the plasmid eGFP.stop was cut with SspI to remove the f1 ori and amp promoter and religated, reducing the size of the recombinant AAV genome eventually generated and producing plasmid eGFP.stop.D Ssp. To allow transfer of the expression cassettes to the AAV shuttle vector psub201 (Samulski et al., 1987) , synthetic linkers consisting of annealed oligonucleotides containing XbaI restriction sites were inserted at the unique BspHI and AseI sites in eGFP.stop.D Ssp, yielding eGFP.stop9 . The WPREbearing derivative was constructed as before by insertion of the ClaI-digested PCR product at the AccI site. The expression cassettes with and without WPRE were then transferred into the XbaI site of the AAV shuttle vector psub201, resulting in pAAV.eGFP.W and psub201.eGFP.sto p. To generate pAAV.eGFP.W(as), bases 900-1750 of WHV8 were amplified by PCR to yield a product with AseI restriction sites at each end. The PCR product was cut with AseI and inserted in the antisense orientation into the AseI site of the psub201.eGFP.stop vector. All final plasmid products were grown in Escherichia coli HB101 and isolated by cesium chloride density gradient centrifugation.
Tissue culture and transfections
293 and HSF8 cells were grown at 37°C (5% CO 2 ) in Dulbecco' s modified Eagle's medium supplemented with 10% fetal calf serum (FCS). 293 cells were transfected at 30% confluency by the calcium phosphate method. The medium was changed after 18 hr. Cells transfected transiently were harvested after 48 hr. When stable selection was required, geneticin (G418, 200 m g/ml; GIBCO, Grand Island, NY) was added to the medium. Pools of stably transfected cells were analyzed after 4 weeks of selection unless otherwise indicated. For transient transfections, molar equivalents of eGFP.stop (0.85 m g) or eGFP.stop.W PRE (1 m g) were employed. To ascertain whether any difference in expression was due to a difference in transfection efficiency, the plasm ids were cotransfected with 19 m g of pCMXCD4, a cytomegalovirus (CMV) promoterdriven CD4 expression vector. Additional pUC118 was included to equalize the total amount of DNA present in each case. Mock and control transfections using pCMXCD4 or eGFP.stop.W PRE and pUC118 were equalized for total amounts of DNA, and were used to set the quadrant gates during flow cytometry.
Preparation of AAV stocks and transductions
Purified viral stocks were generated by cotransfecting the plasm ids pAAV.eGFP.W(as) and pAAV.eGFP.W into 293 cells with a Rep-Cap expression plasmid. Helper activities were supplied using a plasmid cotransfection-bas ed system as described (Xiao et al., 1998) . Sixty hours after transfection, cells were lysed and the lysates fractionated twice by density centrifugation in cesium chloride (Fisher et al., 1996) . Purified viral stocks were titered by dot-blot hybridization to a nitrocellulose membrane and com parison with known amounts of the starting plasmids; visualization was achieved by hybridization with a 32 Plabeled GFP probe. Intensities were quantitated with a PhosphorImag er (Molecular Dynam ics, Sunnyvale, CA). The degree of wild-type AAV was determined by infectious center assays and in all preparations was less than 0.1%. Cells were transduced in Dulbecco's modified Eagle's medium supplemented with 2% fetal calf serum. 293 cells were transduced at 30% confluency, HSF8 cells at 10%. Viral stocks were added to the plates and the cells were incubated at 37°C (5% CO 2 ) for 4 hr with occasional agitation, after which the medium was supplemented with additional FCS to bring the serum content to 10%. Cells were harvested for fluorescence-activ ated cell sorting (FACS) analysis after 48 hr or after 4 weeks selection in G418 (200 m g/ml).
Flow cytometry
293 or HSF8 cells were harvested and resuspended in phosphate-buffered saline (PBS) at approximately 10 6 cells/ml. In all cases, except the analysis of transiently transfected 293 cells, in which an R-phycoerythrin -conjugated antibody was employed, propidium iodide was added to allow the exclusionary gating of dead cells. Where cells were stained for surface CD4, R-phycoerythrin -conjugated anti-CD4 antibody MT310 (Dako, Carpinteria, CA) was added to 10 6 cells at a 1:100 dilution in 1 ml of PBS-2% FCS. After incubation for 30 min at 4°C, the cells were washed twice with 15 ml of cold PBS. All cells were analyzed for eGFP expression on a Becton Dickinson (San Jose, CA) FACScan. Within each experiment the sam ples were analyzed on the same day. Results are reported as geometric means. The geometric mean yielded values for fold increase that most closely matched those obtained by Western blotting when both assays were performed.
RNA isolation and analysis
Confluent cells from two 10-cm plates were harvested by resuspension in PBS and brief centrifugation. Isolation of total RNA was accomplished by resuspending the cell pellet in 1 ml of RNA STAT-50 LS (Tel-Test, Friendswood, TX). Nuclear and cytoplasmic RNA samples were prepared as previously described (Zufferey et al., 1999) , except that the cytoplasmic lysis buffer consisted of 10 mM Tris (pH 8.0), 1.5 mM MgCl 2 , 140 mM NaCl, 20% glycerol, and 0.5% Nonidet P-40 (NP-40). RNA was fractionated on a 6% form aldehyde agarose gel and transferred to Duralon UV membranes (Stratagene, La Jolla, CA). Blots were hybridized in Quikhyb (Stratagene) with random primed, [ 32 P] dCTP-labeled probes generated with the Prime-It II kit (Stratagene). The probe for eGFP was generated by digestion of eGFP-C1 with NdeI and PstI; the probe for the neomycin resistance gene was generated by digestion with AvrII. Fragments of 1131 and 1015 bp, respectively, were purified from agarose gels. Signals were visualized by autoradiography and quantitated using a Molecular Dynamics PhosphorImager. Message size was assessed by mobility relative to 18S and 20S ribosomal RNA.
DNA isolation and analysis
Two 10-cm plates of confluent 293 or HSF8 cells were harvested. Genomic DNA was prepared using the QiaAmp blood kit (Qiagen, Chatsworth, CA) according to the manufacturer instructions. Genomic DNA (10 m g) was digested with PstI and NdeI for G418-selected lines transfected with eGFP-C1 derivatives. Digested DNA was fractionated on 0.8% agarose-0.53 TBE gels. After denaturation and neutralization, DNA was transferred to Duralon UV membranes (Stratagene) and hybridized with 32 P-labeled probes. Signals were visualized by autoradiography and quantitated with a Molecular Dynamics PhosphorImag er. Fragm ent size was assessed by com parison with a l HindIII/EcoRI digestion ladder.
Western analysis
293 cells were harvested and resuspended in Western lysis buffer (50 mM NaCl, 10 mM Tris [pH 7.5], 10% glycerol, 1 mM dithiothreitol [DTT] , 0.5% NP-40), subjected to three cycles of freezing and thawing, and clarified by centrifugation. Proteins were normalized by the Bio-Rad (Hercules, CA) protein assay, and 50 m g was fractionated by sodium dodecyl sulfate-polyacrylam ide gel electrophoresis (SDS-PAGE) on a 15% polyacrylamide gel. Proteins were transferred to PVDF-Plus membranes (Micron Separations, Westboro, MA) and incubated with a mouse anti-eG FP monoclonal antibody (Clontech), incubated with sheep anti-mouse 125 I-conjugated antibodies. (Amersham Life Science, Arlington Heights, IL) and visualized by autoradiography.
RESULTS
The WPRE increases GFP expression in the context of transient transfection
To determine whether the WPRE could increase expression of GFP cDNA from vectors delivered by transfection, we employed derivatives of the eGFP-C1 vector (Clontech) either containing (eGFP.stop.W PRE) or lacking (eG FP.stop) the WPRE (Fig. 1A) . GFP is detectable in intact cells by flow cytometry, allowing the assessment of variations in expression on a percell basis. In addition, GFP is already expressed well from this plasm id in the context of transfections, the message having been optim ized for codon usage and translation and the CMV promoter inducing high levels of expression. This made it an appropriate choice as a rigorous test of the ability of the WPRE to increase further the expression of an efficiently expressed transgene.
The ability of the WPRE to stimulate GFP expression pression. The results indicated that, on a per-cell basis, levels of GFP expression increased significantly relative to those of CD4 expression when the WPRE was included in the GFP message (Fig. 1C) . The controls showed less than 1% of the cell population in the upper right (UR) quadrant in all cases (Fig.  1B) . Plotting of GFP fluorescence on the x axis indicates a 50% increase in the geometric mean fluorescence (X Geo Mean, Fig.  1C ) of the cell population in the UR quadrant, from 78 to 121, when eGFP.stop.WPRE is used. No such increase is apparent on the y axis, which represents the level of cotransfected CD4. Indeed, a slight decrease in CD4 was observed. It is also of note that the inclusion of the WPRE results in a 14% increase in the num ber of cells gated in the UR quadrant. The increase in GFP fluorescence in the presence of the WPRE-containing construct was therefore the result not of increased DNA uptake per cell, but of increased GFP expression per transfected plasmid. The results are representative of multiple experiments conducted with titrated amounts and multiple preparations of these plasmids.
The WPRE increases GFP expression in the context of stably transfected cell lines
The ability of the WPRE to stimulate GFP expression was analyzed when stable expression was selected with G418. The eGFP constructs contain the neom ycin/kanamycin resistance gene driven by the simian virus 40 (SV40) promoter. 293 cells were transfected with eGFP.stop or eGFP.stop.WPRE, and selected for stable expression with G418 (GIBCO). The cell populations were then harvested and analyzed by flow cytometry. The geometric mean level of GFP expression in the G418-resistant cytometry. The geometric mean level of GFP expression in the G418-resistant populations was increased roughly ninefold as assessed by flow cytometry, from 29 to 249, when the WPRE was included (Fig. 2A) .
Additional cells from the stably selected populations were harvested and subjected to Southern analysis, which indicated a fourfold greater content of GFP-encoding DNA in the case of eGFP.stop than of eGFP.stop.W PRE (Fig. 2B, top) . Equal loading of genomic DNA was dem onstrated by hybridizing with a glyceraldehyde-3-p hosphate dehydrogenase (GAPDH) probe (bottom). The decrease in copy number observed in the case of the WPRE-containing construct may be due to GFP toxicity (Tsien, 1998) . This decreased amount of GFP-WPRE encoding DNA after stable selection was observed in multiple independently derived cell populations. This inequality in GFP copy num ber, while not allowing direct normalization of GFP expression, reveals that the effect of the WPRE on expression is likely greater than is apparent in the flow cytometric analysis. To characterize further the ability of the WPRE to enhance transgene expression in this context, RNA from the stably selected cells was subjected to Northern analysis. Inclusion of the WPRE caused a roughly fourfold increase in levels of GFPcontaining RNA in both the nuclear and cytoplasmic compartments of the cell (Fig. 2C, top) . Probing with GAPDH demonstrated equal loading of RNA (bottom). These results indicate that, per vector copy, the WPRE-containing construct yielded significantly greater GFP RNA expression than its counterpart in both the nuclear and cytoplasmic compartm ents.
WHV PRE ENHANCES GENE EXPRESSION IN
The WPRE enhances the expression of GFP from genes delivered by adeno-associated viral transduction
We next determined the potential of the WPRE as a tool for increasing transgene expression in the context of AAV vectors. The GFP and neo expression cassettes were inserted between AAV inverted terminal repeats (ITRs) in the plasmid psub201, resulting in the constructs shown in Fig. 3A . Since AAV genome packaging efficiency is dependent on the size of the insert bracketed by the ITRs (Dong et al., 1996) , the WPRE was inserted in the antisense orientation upstream of the CMV promoter in construct rAAV.eGFP.W(as) both as a control for the presence of the WPRE and to promote equivalent packaging of the genomes in the two viruses. This configuration was used to avoid the inhibitory effect we had previously observed when the WPRE was cloned in the antisense orientation within the GFP transcript. This inhibition is believed to be caused by antisense transcripts derived from the WHV protein X promoter, which is within the WPRE. To avoid any influence of the X promoter on GFP expression, the WPRE was cloned in the antisense orientation so that any transcripts derived from this promoter could not encode the reporter gene. From these constructs, purified viral stocks were generated and titrated. Titration determined that a multiplicity of infection (MOI) of 5000 viral genomes per target cell was sufficient to transduce more than 90% of the target cells under the experimental conditions (data not shown).
293 cells were transduced with rAAV.eGFP.W(as) and rAAV.eGFP.W, using an MOI of 5000 viral genom es per cell. After 48 hr the cells were harvested, and subjected to flow cytometric analysis for GFP expression. Results representative of multiple experiments with multiple viral preparations indicate a sixfold increase in the geometric mean level of expression of GFP, from 13 to 81, when the WPRE is included in the GFP message (Fig. 3B) . Southern blotting of low molecular weight DNA extracted from transduced cells indicated similar viral uptake for both viruses (data not shown). To characterize this effect at the RNA level and to corroborate the quantitation of GFP by flow cytometry, the transiently transduced cells were harvested and subjected to Northern and Western analysis. Northern analysis of total cellular RNA, shown in Fig. 3C , indicated a threefold increase in GFP RNA. Amounts of GFP RNA were normalized relative to histone 2B message detected by coprobing with an H2B fragment. This result demonstrates that the WPRE must be located within the GFP message to stimulate gene expression, suggesting that the WPRE functions at the posttranscriptiona l level in the AAV vector context. Western analysis of transduced cell lysates (Fig. 3D) showed a sevenfold increase in GFP protein in the presence of the WPRE, which corresponds well with the sixfold increase in GFP fluorescence as assessed by flow cytometry. The Northern and Western analyses exhibit different fold increases when the WPRE is included in the viral construct. This difference may be due to a translational effect of the WPRE.
To assay the effect of the WPRE on the expression of GFP in stably transduced cells, 293 cells were transduced with 5000 genomes per target cell of viruses rAAV.eGFP.W(as) and rAAV.eGFP.W, and placed under selection with G418. The stably transduced cells were subjected to flow cytometric, Southern, and Northern analyses. Figure 4A shows the results of flow cytometric analysis for GFP fluorescence. The effect of the WPRE, a roughly eightfold increase in geometric mean expression of GFP from 24 to 183, was similar to that observed in stably transfected cells. Southern analysis with a GFP probe indicated that the copy number of integrated, GFP-expressing AAV genomes in the different cell populations was roughly equivalent (Fig. 4B) . No evidence of GFP toxicity was observed under these conditions. This is likely due to the low copy number present as a result of AAV transduction, on the order of one to four, compared with the stably transfected cells, which could contain 10 or more copies of the GFP gene.
Northern analysis was performed on total cellular RNA isolated from the stably transduced populations. Probing with GFP and histone 2B as a loading control indicated a fourfold increase in the amount of GFP message present in the cells transduced with rAAV.eGFP.W relative to those transduced with rAAV.eGFP.W(as) (Fig. 4C) . Probing of this blot for neomycin/kanamycin RNA revealed that the increase in expression of GFP yielded by the WPRE is not related to an elevation of neomycin expression.
The WPRE enhances GFP expression in primary human fibroblasts transduced with recombinant AAV
The utility of the WPRE in a gene therapeutic context will be dependent on its ability to function in nontransformed human cells. To assess the plausibility of using the WPRE to enhance gene expression in such settings, 5000 genomes per target cell of viruses rAAV.eGFP.W(as) and rAAV.eGFP.W were used to transduce cultured prim ary human fibroblasts. The primary cells were acquired at a low passage num ber (passage 7) so as to allow ample time for selection and analysis. After 48 hr the cells were placed in selective medium (200 m g of G418 per milliliter). After 3 weeks of selection, the rem aining cells were harvested and subjected to flow cytometric analysis for GFP expression. The results indicate a sixfold increase in the geometric mean level of expression of GFP when the WPRE is included in the GFP message (Fig. 5A ). Southern analysis of genomic DNA, using a probe for GFP sequence, indicated that there is a slightly greater content of GFP-encoding DNA in the case of rAAV.eGFP.W(as) than of rAAV.eGFP.W (Fig. 5B) . Reprobing for GAPDH revealed equal loading of genom ic DNA (data not shown). These results are similar to those observed in 293 cells, and indicate that the WPRE can function to enhance gene expression in a heterologous viral context in cultured primary human cells.
DISCUSSION
Techniques currently used to introduce transgenes into target cells for gene therapy are based largely on methods evolved by viruses to deliver their genomes into host cells. The developm ent of a new gene therapeutic vector frequently begins with a set of decisions regarding the best way to alter an existing viral genome; the virus must be made to contain the transgene of interest, incorporate it chromosom ally or episomally into the desired cells, and allow it to be transcribed to a satisfactory level. While much effort has been spent optimizing gene therapeutic vectors for high titer, efficiency of entry, and sufficient levels of transcription, less progress has been made in the application of posttranscriptiona l methods for improving gene expression. New insight is rapidly being acquired into how viruses ensure high levels of expression of their genes at the posttranscriptional level. Multiple viruses have been shown to possess cis-and trans-acting elements whose purpose is to increase the expression of viral genes by interacting with host cell machinery (Malim et al., 1989; Fischer et al., 1994; Huang and Yen, 1994; Donello et al., 1996 Donello et al., , 1998 Pasquinelli et al., 1997; Saavedra et al., 1997) . Previous work with the PREs has demonstrated their ability to rescue the expression of unspliced reporter messages , and of messages whose expression is dependent on the presence of introns (Huang and Yen, 1995) or posttranscriptiona l elements . This study and our previous work demonstrate that the WPRE can further increase the expression of a gene that is already well expressed. This suggests that enhancement can be expected to occur for a variety of potentially therapeutic genes, and will not be limited to genes that are difficult to express, although the benefit may be more dramatic in these cases.
We find that the WPRE is capable of enhancing the expression of GFP in the contexts of transient and stable transfection as well as in the context of DNA delivery by vectors derived from AAV. Only when the WPRE was located within a message did it have the ability to stimulate gene expression, demonstrating that the WPRE functions at the posttranscriptiona l level. It is possible that the WPRE contains an orientation-depend ent transcriptional enhancer that functions in AAV. However, we believe that this is unlikely since the WPRE region has been shown by several laboratories to have no detectable enhancer activity in a variety of contexts. Analysis of RNA in the nuclear and cytoplasmic compartments of stably transfected 293 cell populations revealed that the WPRE increased the amounts of message in both compartments . The nucleocytoplasm ic ratio relative to messages lacking the WPRE was not altered. In all cases, the increase in GFP protein expression mediated by the WPRE was approximately twofold greater than the observed increase in RNA, suggesting that the WPRE may also slightly stim ulate the efficiency of translation. Together, these results suggest that the WPRE may have positive effects on gene expression in both the nuclear and cytoplasmic compartm ents of the cell. In addition, the WPRE is capable of enhancing the expression of GFP in primary hum an cells, establishing that its mechanism of enhancement is not dependent on the transform ed state of the cells. Inclusion of the WPRE is thus a viable means of increasing transgene expression in normal human tissue.
These results, together with our previous finding that the WPRE can stimulate transgene expression in the context of retroviral and lentiviral vectors, indicate that the WPRE will be a broadly useful tool for increasing levels of gene expression in multiple gene therapeutic and research settings. The effect of the WPRE on gene expression has been demonstrated in both RNA and DNA viruses, as well as in transfections with plasmid DNA. Thus, the increase in expression mediated by the WPRE is not attributable to the enhancement of an event in a specific viral life cycle. The WPRE can therefore be used in all gene delivery systems presently in clinical trial, as well as in vectors currently being designed and preclinically evaluated. The ability of the WPRE to increase the expression of each delivered DNA template will allow higher levels of transgene expression to be achieved per transduction event with currently available delivery systems. Such an increase in efficacy may permit the monetary cost of a course of gene therapy to be significantly reduced. Inclusion of the WPRE at the stage of vector design will perm it a given therapeutic goal to be achieved with substantially less virus, thereby decreasing the cost of producing the reagents for therapy. The optimization of presently existing vectors may, as much as the design of new vectors, contribute to the arrival of gene therapy as clinical reality. The woodchuck hepatitis viral PRE will be a useful addition to nextgeneration gene delivery systems, which will incorporate measures to optimize gene expression at the posttranscriptional level.
